The results of the epoxidation of 2-buten-1-ol with 30 wt% hydrogen peroxide have been presented. As a solvent methanol was used. The process was carried out over the titanium silicalite catalysts: Ti-MCM-41 and Ti-MCM-48. The influence of temperature (20 -120 o C), the molar ratio of CRA/H 2 O 2 (5:1 -5:1), methanol concentration (5 -90 wt%), catalyst concentration (0.1 -5.0 wt%) and the reaction time (30 -300 min) was investigated. The obtained results were used for the determination of optimum conditions of running the epoxidation process of 2-buten-1-ol.
INTRODUCTION
The epoxidation of 2-buten-1-ol with a 30 wt% hydrogen peroxide was carried out with the application of the titanium silicate catalysts: Ti-MCM-41 and Ti-MCM-48. The former catalyst has a hexagonal structure, which is characterized by long, non-branched one dimensional channels with uniform diameters. The pares diameter of this catalyst amounts to 4.9 -7.6 nm 1 , the specific surface area reaches 1200 m 2 /g, and the thickness of the pore walls is located in the range of 0.8 -1.2 nm 2 . The Ti-MCM-48 structure (gyroide structure) has a three-dimensional system of channels, the diameter of which varies over the range of 1.5 -10 nm 2 , and the pore wall thickness amounts to 0.8 -1.0 nm 3, 4 . Traditional methods of the epoxide synthesis rely on the intramolecular cyclization of chlorohydrins with the use of aqueous alkaline solutions or on the alkene epoxidation with per-acids. There have been developed new directions in the synthesis of this group of compounds in recent years. They rely on the elimination of organic wastes, the by-products difficult to manage and on the limitation of the quantity of the generated sewage. These objectives were achieved through the catalytic processes of the oxidation of olefinic compounds with organic hydroperoxides or hydrogen peroxide.
The major product in the epoxidation process of 2-buten-1-ol (crotyl alcohol) is 2,3-epoxybutan-1-ol (EB), the compound having numerous applications. 2,3-Epoxybutan-1-ol is applied for the preparation of many products belonging to the family of ß-lactame antibiotics such as tyrosine, erythromycine and tienamycine 5 . This compound is also applied in the production of drugs utilized in the therapy of HIV virus infection B 6 -9 .
EXPERIMENTAL
Ti-MCM-41 catalyst was prepared by the method described by Grün et al.
10
, whereas the Ti-MCM-48 catalyst, according to the method described by Schumacher et al.
11
. The epoxidation of 2-buten-1-ol with a 30 wt% hydrogen peroxide over Ti-MCM-41 and Ti-MCM-48 catalyst was carried out in an autoclave made of 1H18N9T stainless steel, checked under the pressure of 9.8 MPa and equipped with a Teflon insert of 7 cm 3 capacity. The influence of the following technological parameters: temperature 20 -120 o C, the molar ratio of 2-buten-1-ol/H 2 O 2 0.5:1 -5:1, solvent (methanol) concentration 5 -90 wt%, catalyst concentration 0.1 -5.0 wt% and the reaction time 30 -300 min was investigated. The initial parameters of the studies were as follows: the temperature of 20 o C, the molar ratio of 2-buten-1-ol/H 2 O 2 =1:1, the solvent (methanol) concentration 40 wt%, the catalyst concentration 0.1 wt% and the reaction time of 180 min. The products were analyzed quantitatively by means of gas chromatography on a FOCUS apparatus (Thermo) with a flame-ionization detector (FID). A Quadrex capillary column (30m x 250μm x 0,25μm) was used. An uncreated hydrogen peroxide was determined by an iodometric method. After the calculation of the mass balance for each of the syntheses, the main functions describing the process: the selectivity of the transformation to 2,3-epoxybutan-1-ol in relation to the consumed 2-buten-1-ol (S EB/CRA ) and the selectivity of the transformation to the organic compounds in relation to the consumed H 2 O 2 (S org/H2O2 ) have been determined.
RESULTS
In the epoxidation of 2-buten-1-ol over the Ti-MCM-41 and Ti-MCM-48 catalysts, the major reaction product is 2,3-epoxybutan-1ol (EB), however, the other products are formed depending on the applied technological parameters. The main side reaction is the hydration of 2,3-epoxybutan-1-ol to 1,2,3-butanotriol. The other side products of the process are presented in Scheme 1. These products include crotonaldehyde, crotonic acid, dimethoxybutane-1-ol and ethers. All the by-products were identified by the GC/MS method and quantitatively established by the GC method.
The effect of the temperature on the course of epoxidation of 2-buten-1-ol over the Ti-MCM-41 and Ti-MCM-48 catalyst was investigated in the temperature range of 20 -120 o C (Fig. 1) . It results from Fig.1 that the selectivity of the transformation to EB in relation to the consumed CRA amounts to 100 mol% for the Ti-MCM-o C. A decrease of this function is observed at higher temperatures, which can be up to 10 mol% at the temperature of 100 o C or above this value. In the case of the Ti-MCM-48 catalyst, the reaction does not proceed at the temperature of 20 o C, however, the selectivity of the transformation to EB in relation to the consumed CRA amounts to 100 mol% at the temperature of 40 o C. A further increase in the temperature causes a decrease of this function value up to 2 mol% at 90 o C or at higher temperature. A decrease of the selectivity of the transformation to EB in relation to the consumed CRA in the case of both catalysts is caused by the formation of the side products such as 1,2,3-butanotriol, crocrotonaldehyde and crotonic acid, and the ethers. 1,2,3-Butanotriol is formed with the selectivity of 50 mol% at 120oC over the Ti-MCM-41 catalyst, whereas over the Ti-MCM-48 catalyst the selectivity amounting to about 80 mol% at temperatures 80 and 100 o C, was achieved. In the case of the selectivity of the transformation to the organic compounds in relation to the consumed H 2 O 2 , an increase in the value of this function was observed for both catalysts during the elevation of the process temperature. The value of this function increases from 74 mol% (20 o C) to 77 mol% (100 o C) and then decreases to 57 mol% (120 o C) over the Ti-MCM-41 catalyst, whereas over the Ti-MCM-48 catalyst from 0 mol% (20 o C) to 95 mol% at 100 o C and then decreases to 86 mol% (120 o C). The most advantageous temperature of epoxidation over the Ti-MCM-41 catalyst amounts to 60 o C. For this temperature the selectivity of the transformation to EB in relation to the consumed CRA reaches 100 mol% at the CRA conversion of 74 mol%, the H 2 O 2 conversion of 96 mol% and the selectivity of the transformation to the organic compounds in relation to the consumed H 2 O 2 was 79 mol%. However, the studies performed with the Ti-MCM-48 catalyst demonstrate that the most advantageous temperature is 40 o C. The selectivity to EB in relation to the consumed CRA at this temperature amounts to 100 mol% at the CRA conversion of 77 mol%, the H 2 O 2 conversion of 90 mol% and the selectivity of the transformation to the organic compounds in relation to the consumed H 2 O 2 was 86 mol%.
The studies of the influence of the CRA/H 2 O 2 molar ratio on the CRA epoxidation were carried out in the range from 0.5:1 to 5:1 at the temperature of 60 o C over the Ti-MCM-41 catalyst and at 40 o C over the Ti-MCM-48 catalyst (Fig. 1b) . These studies have demonstrated that the selectivity of the transformation to EB in relation to the consumed CRA does not undergo a change and amounts to 100 mol% along with an increase in the molar ratio of reagents when the reaction is carried over the Ti-MCM-41 catalyst. The selectivity of the transformation to the organic compounds in relation to the consumed H 2 O 2 increases from 50 mol% (CRA/H 2 O 2 =0.5:1) to 100 mol% for (CRA/H 2 O 2 =5:1). The reaction does not proceed over the Ti-MCM-48 catalyst when the molar ration of CRA/H 2 O 2 is equal to 0.5:1. The selectivity of the transformation to EB in relation to the consumed CRA reaches 100 mol% for the equimolar ratio of the reagents. However, the selectivity of the transformation to the organic compounds in relation to the consumed H 2 O 2 for the Ti-MCM-48 catalyst amounts to 0 mol% at the molar ratio of CRA/H 2 O 2 =0.5:1, and subsequently the selectivity reaches 100 mol% at the CRA/H 2 O 2 molar ratio of 5:1.
The molar ratio of CRA/H 2 O 2 =1 was recognized as the most advantageous process in the process. However, in the case of the Ti-MCM-41 catalyst, the low CRA/ H 2 O 2 molar ratios are associated with a risk of activity loss by the catalyst, because H 2 O 2 may form the soluble complexes with Ti occurring in the catalyst structure. Simultaneously, the process proceeds as the homogenous catalysis. The CRA conversion of about 75 mol% with the H 2 O 2 conversion of about 93 mol% was achieved for both catalysts under the most favorable conditions.
The effect of solvent (methanol) concentration was studied in the range of 5 -90 wt%, at the molar ratio of CRA/ H 2 O 2 =1:1, the temperature of 60 o C in the presence of the Ti-MCM-41 catalyst, whereas at 40 o C in the presence of the Ti-MCM-48 catalyst (Fig.2a) . The selectivity of the transformation to EB in relation to the consumed CRA, it increases from 77 mol% to 100 mol% over the Ti-MCM-41 catalyst during an increase of solvent concentration from 5 to 40 wt%. A further elevation of the solvent concentration does not cause the changes of this function. The selectivity of the transformation to the organic compounds in relation to the consumed H 2 O 2 over the TiScheme 1. The products of 2-butene-1-ol epoxidation MCM-41 catalyst increases from 80 mol% at 5 wt% of methanol to 100 mol% (at methanol content of 90 wt%). In the case of the Ti-MCM-48 catalyst, the selectivity of the transformation to EB in relation to the consumed CRA is the highest in the range of methanol concentration of 5 -40 wt%, and subsequently it decreases to below 5 wt% in the range of higher concentrations. Despite the high conversion of CRA, the amount of EB in the postreactive mixture is small due to its reaction with methanol. The selectivity of the transformation to the organic compounds in relation to the consumed H 2 O 2 varies in a similar way over the catalysts: Ti-MCM-48 and Ti-MCM-41. In the range of methanol concentration of 60 -90 wt%, the selectivity amounts to 100 mol%. The most advantageous concentration of methanol in the presence of Ti-MCM-41 amounts to 40 wt%. In this case, the only product is EB, the CRA conversion amounts 74 mol%, whereas the conversion of H 2 O 2 is 96 mol%, and the selectivity of the transformation to the organic compounds -selectivity of the transformation to organic compounds in relation to the hydrogen peroxide consumed (Ti-MCM-41), * -the selectivity to 2,3-epoxybutane-1-ol (Ti-MCM-48), O -the selectivity of the transformation to organic compounds in relation to the hydrogen peroxide consumed (Ti-MCM-48) Figure 2 . a) the influence of the solvent concentration on the epoxidation of crotyl alcohol -the selectivity to 2,3-epoxybutane-1-ol (Ti-MCM-41), -the selectivity of the transformation to organic compounds in relation to the hydrogen peroxide consumed (Ti-MCM-41), the selectivity to 2,3-epoxybutane-1-ol (Ti-MCM-48), O -the selectivity of the transformation to organic compounds in relation to the hydrogen peroxide consumed (Ti-MCM-48), b) the influence of the TS-1 catalyst concentration on the epoxidation of crotyl alcohol -the selectivity to 2,3-epoxybutane-1-ol (Ti-MCM-41),
-the selectivity of the transformation to organic compounds in relation to the hydrogen peroxide consumed (Ti-MCM-41), * -the selectivity to 2,3-epoxybutane-1-ol (Ti-MCM-48), O -the selectivity of the transformation to organic compounds in relation to the hydrogen peroxide consumed (Ti-MCM-48), c) the influence of the reaction time on the epoxidation of crotyl alcohol:
-the selectivity to 2,3-epoxybutane-1-ol (Ti-MCM-41),
-the selectivity of the transformation to organic compounds in relation to the hydrogen peroxide consumed (Ti-MCM-41), * -the selectivity to 2,3-epoxybutane-1-ol (Ti-MCM-48), O -the selectivity of the transformation to organic compounds in relation to the hydrogen peroxide consumed (Ti-MCM-48) in relation to the consumed H 2 O 2 amounts to 79 mol%. The optimal concentration of methanol amounts to 5 wt% in the presence of the Ti-MCM-48 catalyst. The only product is also EB, the CRA conversion amounts to 82 mol%, the H 2 O 2 conversion is 93 mol%, and the selectivity of the transformation to the organic compounds in relation to the consumed H 2 O 2 amounts to 88 mol%.
The effect of the concentration of the Ti-MCM-41 catalyst was studied at the temperature of 60 o C, at the molar ratio of CRA/H 2 O 2 =1:1, methanol concentration of 40 wt% and over the time of 180min. The obtained results are shown in Fig. 2b . These results demonstrated that along with an increase in the concentration of this catalyst, the selectivity of the transformation to EB in relation to the consumed CRA decrease from 100 mol% (0.1 wt% of catalyst) to 25 mol% (5 wt% of catalyst). At the highest concentration of the catalyst, the major reaction product is 1,2,3-butanetriol. The selectivity of the transformation to the organic compounds in relation to the consumed H2O2 increases from 72 mol% to 95 mol% over the studied range of the catalyst concentrations. In the presence of Ti-MCM-48 the studies were carried out at the temperature of 40 o C, the equimolar ratio of the reagents, methanol concentration of 5 wt% and during the time of 180 min. These studies have demonstrated that the highest selectivity of the transformation to EB in relation to the consumed CRA is achieved at the catalyst concentration of 3 wt%, and the selectivity of the transformation to the organic compounds in relation to the consumed H 2 O 2 practically does not undergo a change over the studied range of the catalyst concentrations and it amounts to about 85 mol%. After taking into consideration the obtained results, the concentration of 1 wt% was recognized as the optimal concentration of the Ti-MCM-41 catalyst. Under these conditions, the only reaction product is EB, the CRA conversion amounts to 74 mol%, whereas the conversion of H 2 O 2 is 96 mol%, and the selectivity of the transformation to the organic compounds in relation to the consumed H 2 O 2 reaches 79 mol%. Hence, the concentration of 3 wt% was recognized as optimal in the presence of the Ti-MCM-48 catalyst. At this concentration the selectivity of the transformation to EB in relation to the consumed CRA amounts to 100 mol%, the CRA conversion is 82 mol%, the H 2 O 2 conversion 93mol %, and the selectivity of the transformation to the organic compounds in relation to the consumed H 2 O 2 amounts to 88 mol%.
The influence of the time of CRA epoxidation was investigated at the technological parameters recognized previously as the optimal for each of the catalysts (Fig 2c) . These studies have demonstrated that the optimal times are similar and amount respectively, for Ti-MCM-41 -180min and for Ti-MCM-48 -120 -180min. For these values of time, a high selectivity of the transformation to EB in relation to the consumed CRA of about 100 mol% is achieved for both catalysts. In this case, the selectivity of the transformation to the organic compounds in relation to the consumed H 2 O 2 amounts to 79 mol% over the Ti-MCM-41 catalyst, whereas over the Ti-MCM-48 the selectivity reaches about 90 mol%.
CONCLUSION
The optimal parameters of the epoxidation of 2-buten-1-ol over the Ti-MCM-41 catalyst are as follows: the temperature of 60 o C, the molar ratio of CRA/H 2 O 2 =1:1, methanol concentration of 40 wt%, the catalyst concentration 1 wt%, and the time of the process operation of 180min. For the process carried out over the Ti-MCM-48 catalyst, the optimal technological parameters are as follows: the temperature of 40 o C, the molar ratio of CRA/ H 2 O 2 =1:1, methanol concentration of 5 wt%, the catalyst concentration 3 wt%, and the time of the process duration of 120min. The differences in the values of the optimal parameters for both catalysts may results from the differences in their structure, mainly with differences in the accessibility to the active sites. Despite the different parameters, the values of the functions describing the process are similar. The selectivity of the transformation to EB in relation to the consumed CRA amount to 100 mol% for both cases.
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